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Introduction

When the speed of an aircraft reaches the hy-
personic range, aerodynamic heating becomes severe.
Some of the hypersonic flight vehicle structural con-
cepts that have been advanced use a thermal pro-
tection system (TPS) to prevent the structure from
overheating. For example, the Space Shuttle uses a
TPS designed to limit the structural temperature to
350°F (a warm structure). A different concept pro-
posed for future hypersonic aircraft (ref. 1) was an
aerodynamically acceptable wavy heat shield made
of heat resistant metal, such as René 41, to limit
the structural temperature to about 1350°F (a hot
structure). Compression buckling is a major concern
for hot structures because of the combined effects of
aerodynamic load, thermal stress, and reduction in
material moduli (i.e., modulus of elasticity E and
shear modulus G).

Studies of structures for future hypersonic flight
vehicles have identified advanced structural concepts
which show promise of having low structural unit
mass and high buckling strength (refs. 2 to 13).
Since curved shell sections exhibit high local buck-
ling strength, most of the structural panel concepts
investigated used curved surfaces to achieve high
buckling strength. Two of the hot structural panel
concepts investigated were beaded panels and circu-
lar tubular panels (ref. 1). Results from extensive
buckling studies of René 41 beaded panels and alu-
minum circular tubular panels are reported in refer-
ence 9 and references 2 to 6, respectively. All the test
results for tubular panels were obtained from single-
panel, room-temperature loading tests under
laboratory conditions. Furthermore, only limited
buckling data have been reported on René 41 non-
circular tubular panels, which (based on the analysis
methods of reference 6) are more efficient than circu-
lar tubular panels for lightly loaded conditions.

Thus, to characterize the buckling behavior of the
tubular panels under combined loads and at elevated
temperatures, five René 41 noncircular tubular pan-
els (fig. 1) were attached to the wing root region
of the hypersonic wing test structure (HWTS, de-
scribed in the Test Equipment section). These five
panels, which replaced beaded wing panels on the
HWTS (refs. 9, 12, and 13), were exposed to ex-
tensive nondestructive buckling tests under different
combined load conditions (axial compression, bend-
ing under lateral pressure, and shear) at uniform
temperatures of 70°F, 550°F, and 1000°F. The use of
uniform elevated test temperatures caused a reduc-
tion in material moduli (E and G) and minimized
thermal stresses due to temperature gradients. Al-
though they are difficult to calculate and measure,

thermal stresses will undoubtedly have to be consid-
ered in the future if hot structures are to be used.
The buckling loads were estimated through use of
the force/stiffness (F/S) method of plotting the test
data (ref. 11}, and the results were compared with
theoretically predicted buckling interaction curves.

Symbols

C; coefficients (7 = 1,2, ...,6)

D generalized strain variable

D¢y generalized strain variable at buckling

E modulus of elasticity, psi

Egec secant modulus, psi

Eian tangent modulus, psi

F applied load, 1bf

Fer buckling load, 1bf

F* maximum applied load, Ibf

Fro3 applied load at HWTS location 703,
Ibf

(F703)cr value of Frgz at predicted buckling
point, k F7y3, Ibf

FZos maximum value of Frg3 in nondestruc-
tive buckling test, 1bf

Too fer [s bending, compression, and shear

stresses, psi

febs fees fes bending, compression, and shear local
buckling stresses of circular elements,

psi
Jer stress intensity at buckling, psi
fey compression yield stress, psi
Ipl proportional limit stress (threshold of
inelastic stress region), psi
G shear modulus, psi
1 index, 1 to 3

52 0.514
K, :4<7§%~ \/1—1/2)

k extrapolation factor, F¢,/F*
L panel length
exponent in expression of D
N, panel axial compression stress resul-
tant, 1bf/in.
(Nz)er value of NV at buckling, kN, Ibf/in.
Ny value of N; at maximum applied load

F*



(Nzy)cr

*
Ny

Rba R(H RS

RSG
RSG*

(ep)er
€
(€c)er
U

Ntan

Nsec

panel shear stress resultant, Ibf/in.
value of Ny at buckling, k& Ny Ibf/in.
value of Ny at maximum applied load
F*

shape factor in Ramberg-Osgood
stress-strain approximation

lateral pressure, psi

radius of circular arc of panel tube
cross section

ratios of actual stress to critical stress
for bending, compression, and shear

output of rosette strain gage

output of rosette strain gage at
maximum applied load F™*

output of rosette strain gage with
structure at uniform elevated tempera-
tures without applied mechanical load

arc length of circular arc element of
panel tube cross section, 2aR

output of axial strain gage

output of axial strain gage with struc-
ture at uniform elevated temperatures
without applied mechanical load

temperature, °F

thickness of tubular wall, in.
equivalent extensional thickness, in.
unit panel weight, Ibm/in?

half-angle of circular arc of panel tube,

S
2R

shear strain

shes strain at buckling

bending strain

bending strain at buckling

axial compression strain

axial compression strain at buckling
plasticity correction factor (¢ =1 to 3)

plasticity correction factor calculated
from tangent modulus

plasticity correction factor calculated
from secant modulus

m = Mtan

n2 = Nsec

n3 = (n1n2)/?

v Poisson’s ratio
Panels

Five identical René 41 tubular panels were de-
signed and fabricated to replace the root-chord wing
panels of the HWTS. The design of the panels, de-
scribed in references 2 and 6, used a random search
optimization routine to determine values of the cross-
section variables which constitute a minimum mass
per unit area subject to specified applied load, geo-
metric, and failure constraints. The panel design
loads were N, = 800 Ibf/in., Ny, = 250 Ibf/in., and
p = 0.75 psi at T = 1350°F. The resulting design,
which was constrained by a minimum skin thickness
of 0.016 in., is shown in figure 1. Although the av-
erage thickness of each chemically milled sheet was
determined to be 0.0168 in., the design thickness of
0.016 in. was used in the analyses throughout this
paper.

Each tubular panel was made of two formed
René 41 alloy sheets seam welded together to form
five flat regions (double sheets) and four noncircular
tubular regions (i.e., flattened tubes). The René 41
was procured in a solution annealed (1975°F) condi-
tion. Prior to welding, the circular arcs in each sheet
were incrementally brake formed, and the end clo-
sures were die formed. Doublers were spot welded to
both sides at each end of the panel to prevent local
end failu-e and to reduce excessive deformations due
to shear loads. After the final weld assembly, the
panels were aged for 1 hour at 1650°F followed by
10 hours at 1400°F. Figure 2 shows a photograph of
one of the fabricated tubular panels. The panel had
eight attachment points for z-shaped clips to support
the heat shields, which are described subsequently. A
detailed description of the panel fabrication process
is given in references 3 and 6.

Analysis

Local instability is, by design, the critical failure
mode for the tubular panel shown in figure 1. Al-
though local and general instability are nearly equal
under some combined load conditions (ref. 2), it is
likely that local instability would occur at the same
time, even if general instability were to occur first.
Consequently, this paper primarily addresses local
buckling behavior and the equations governing lo-
cal buckling. (The general buckling equations used
in the design and analysis of the tubular panel are



those identified by Euler (wide column) for compres-
sion and by Timoshenko for shear. The equations,
which include the effects of plasticity and bending
due to an initial imperfection, are given in refs. 2
and 6.)

Local Buckling

For a tubular panel with tubes of completely cir-
cular cross sections, the equations for local buckling
(bead crippling) of circular arc elements of the panel
in compression, bending, and shear may be written
in the current notation as follows:

Compression (eq. (14-3) of ref. 2):

¢ 1.19
fee = 07383 E (—é) (1)

Bending (eq. (12-33) of ref. 2):

=075 B (£) ©)

Shear (eq. (12-34) of ref. 2):

Jes = mG K, (Si)2 (3)

where

Rt

2 0.514
K3=4(—9-\/1—1/2) (4)

Buckling equations (1) and (2) are valid for the range
20 < -? < 120, and equation (3) is valid for

2
%v1—u2>50

To apply equation (1) to the noncircular tubular
panel, a knockdown factor of 0.86 is recommended.
(See ref. 6, p. 46.) Equations (2) and (3) are applied
directly to the flattened tubular panel without mod-
ification. The buckling equation for compression of
the noncircular tubular panel is then

1.19
fee = (0.86)(0.738)n3 E (%)

or

t 1.19
fee = 0.635m3 E (R‘) (5)

Equations (5), (2), and (3) are used to calculate the
theoretical buckling strains fec/n3E, fep/n3E, and

fes/n2G in compression, bending, and shear, respec-
tively, for use in the force/stiffness plots of the non-
destructive buckling data described in a subsequent
section.

Compression-Shear Interaction

The standard interaction equation for buckling
failure of a panel under combined loads of axial
compression and shear is (ref. 2)

Re+R:=1

where R, and Ry are ratios of the actual compres-
sion and shear stresses in the panel at failure under
combined loads to the critical stresses in pure axial
compression and in pure shear, respectively. This
equation is used for all buckling failure modes. For
general instability, the stress ratios are defined as

N
Re= Wy
R

*= Nag)er

For the local buckling mode for the noncircular
tubular panel (bead crippling), the stress ratios are
defined as P ;

¢ f cc f cb

ry e
Jes

The stress ratio for local buckling in compression ac-
counts for coupling between compression and bend-
ing. This coupling occurs even when zero lateral
pressure is applied to the panel because an assumed
initial imperfection of 0.001L provides a moment arm
by which compression can always produce a bending
stress. (See ref. 2.)

Plasticity

The plasticity correction factors which appear in
the local buckling equations are defined as (ref. 2,

p. 31)

7 = Ntan = Etan/E (6)
N2 = Nsec = Esec/E (7)
n3 = (771712)1/2 = (ntannsec)1/2 (8)

Through use of a modified Ramberg-Osgood stress-
strain approximation (see ref. 2), the tangent and
secant moduli at the buckling stress are

—_ fcr
Bran = (7 TE) T 0002 fur [ Jog )" — 0.00001] )




and
E — fCI‘ (10)
¢ = (fer/ E) + 0.002(for/ fey)™ — 0.00001
where .
fer > fo1 = fcy(0.005); (11)
and

Etan = Esec = E if fcr < fpl

The shape factor n in the Ramberg-Osgood stress-
strain approximations for René 41 (egs. (9), (10), and
(11)) is taken as n = 25.0 at 70°F, 22.2 at 550°F, and
18.5 at 1000°F. Figures 3, 4, and 5 show the plots
of equivalent elastic stress fer/n; (¢ = 1,2,3) as a
function of actual stress f.; for the three respective
temperatures 70°F, 550°F, and 1000°F'. Values of the
modulus of elasticity £ and the shear modulus G
for René 41 are shown in figure 6 as a function of
temperature (ref. 14). With the aid of figures 3 to 6,
the theoretical buckling strains in compression (¢;)cr,
in bending (€p)cr, and in shear ~¢r can be calculated
from equations (5), (2), and (3) as

Jee

(€c)er = 3 (12)
(@ = 22 (13
Yer = J:g (14)

The values of (¢¢)cr, (€p)ers Yers M2, 13, E, G, and fey
for the different temperatures are given in table 1.

Force/Stiffness Method

The purpose of conducting nondestructive buck-
ling tests instead of destructive buckling tests was
to avoid the cost associated with destructive tests of
a large number of panels. In destructive buckling
tests, only one buckling data point for one load con-
dition can be generated from each test panel. How-
ever, through use of the F/S method to predict the
buckling strength, a wide range of buckling data can
be generated from each test panel for different load-
ing and temperature conditions. The F/S method
was advanced by Jones and Greene (ref. 11) for the
prediction of general and local buckling strengths of
structural components whose buckling behavior is
complex or nonlinear.

Since local buckling is, by design, the failure
mode for the tubular panels, the F/S method used in
this paper is one developed to predict local buckling
failure. The method uses a plot of F' against F//D,
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where F' is the applied load and D is a generalized
strain variable which accounts for axial compression,
bending, and shear components. The generalized
strain variable D is given by

D= 4 2 +<l>m (15)

and the predicted local buckling occurs when

FCI'
- < _F 16
Do~ ¢ 16)

Dchrzl and

ol

The strains €., €5, and ~ are measured with strain
gages, and the buckling strains (ec)cr, (€p)er, and
~er are calculated from equations (12), (13), and
(14), respectively. (See table 1.) The exponent m
in equation (15) was empirically determined to be
2 for most types of panels including the completely
circular tubular panels (ref. 5). For the present F/S
analysis, m = 2.

Equations (15) and (16) represent a buckling
strain interaction surface which is the basis for the
limit strain lines used in the F/S plots. Figure 7
shows a graphical illustration of the F/S method,
which requires extrapolation of the curve fitting the
test data points. The buckling failure load is deter-
mined from the intersection of the extrapolated curve
and the limit strain line. The accuracy of buckling-
failure-load prediction with the F /S method depends
on (1) the location of strain gages so that they mea-
sure strain which is sensitive to the impending buck-
ling mode shape, (2) the distance of extrapolation
(that is, how close the final test data point is to the
limit strain line), (3) the accuracy of the curve fitting,
and (4) the accuracy with which the limit strain line
itself is determined (e.g., if the critical strains are
determined experimentally for a specific configura-
tion, they may be more accurate than if they are
determined analytically from general equations).

The extrapolation of the F/S test data points
to the intersection with the limit strain line was
accomplished through least-squares fitting of the test
data through use of the following equation from
reference 11:

E_ 1+01F+C2F2
D_03+C4F+C5F2+06F3 '

(17)

The buckling value of F' (the intersection point F,)
was determined by setting D = 1 in equation (17). In
the present F/S analysis, D was expressed as follows:



Room temperature:

D

_SC1 458Gy, [8G; ~SGg| , ((2IRSGs - RSG3|>2 (18)
2(ec)er 2(56)“ V3ver

Elevated temperatures:

_ (SG; —8Gj) + (SG2 — 8G2)
- z(fc)cr
" I(SG, — 8Gy) — (SGg - 8Gy)|
2(€b)cr

D

- — 12
2|(RSG2 — RSG3) — (RSG3 — RSG3)|
* [ \/g’kr (19)
where SG; and SGo are the outputs of the axial
strain gages placed respectively on the lower and up-
per outermost fibers of the tube at the panel center
region, and RSGo and RSGg are the outputs of delta-
rosette strain gage legs other than the leg parallel
to the tubes. The bar indicates the initial nonzero
strain gage readings at elevated temperatures when
no mechanical loads were applied (panels were soaked
at uniform temperature to determine these initial
strains due to gage drift, apparent strain, and
unintentional temperature nonuniformity).

Panel Buckling Loads

After the buckling load F; is determined using
the F /S method, the associated panel axial compres-
sion stress resultant at buckling (N;)cr and panel
shear stress resultant at buckling (Nzy)cr must be
determined. If N7 and Nz, are respectively the
panel axial compression and shear stress resultants
associated with the maximum applied load F* (see
fig. 7), and if (RSG} — RSG,), (RSG} — RSGy), and
(RSG% — RSG3) are the readings of the three legs of
the rosette strain gage when F = F* ((RSG{—RSG)
being in the axial direction), then N7 and Nj, can
be calculated as

N = EI(RSG* - RSGy) (20)

%th(RSGg —RSGy) — (RSG} — RSGy)|
(21)

where ¢ = 0.0368 in. is the equivalent extensional
thickness of the panel, ¢t = 0.016 in. is the thickness
of the tubular wall, and RSG; (¢ = 1 to 3) are the
rosette strain gage readings at F' = F™*.

If the extrapolation factor k (see fig. 7) is defined

*
N}, =

as

3

k d (22)

T

then (Np)cr and (Ngy)er can be estimated from
(Ng)er = kN (23)

and

The values of (Ng)er and (Ngy)er thus obtained
from test data are used in constructing the buckling
interaction figures.

Test Equipment
Combined Loads

Hypersonic wing test structure. The hypersonic
wing test structure (HWTS), shown in figure 8, has
a planform area of 85 ft2 and is a portion of a
proposed hypersonic research airplane (HRA) wing
shown in figure 9. The HWTS was constructed
based on the knowledge gained from the study of hot
structural concepts for a Mach 8 hypersonic cruise
vehicle with a 2.5¢ pull-up capability (refs. 1 and
12). The HWTS was tested extensively in the past
(ref. 13) to evaluate the hot-wing structural concept
and to evaluate flight loads instrumentation, high-
temperature calibration methods, and temperature
simulation techniques. The beaded skin panels and
corrugated spars and ribs are made of René 41, a
nickel-base alloy. The heat shields are single-sheet
panels which are slightly corrugated in the chordwise
direction and are made of René 41 alloy except for
those along the leading edge, which are made of
TD Ni-20Cr. The René 41 heat shields are designed
for locations where the surface temperature is less
than 1800°F, and those made of TD Ni-20Cr are
capable of operating with surface temperatures in
excess of 1800°F. The heat shields are separated from
the beaded skin panel by z-shaped support clips in
order to minimize heat conduction from the heat
shields to the substructure. The HWTS is connected
to the support structure through a transition section
and is mounted inverted so that wing loads produce
compression on the lower surface of the HWTS. The
transition section provides a load distribution buffer
between the support structure and the test portion of
the wing. The upper wing root zone (lower surface of
HWTS) is the most highly compression-loaded area,
and the five beaded panels there were replaced with
five tubular panels for the nondestructive buckling
tests. Figure 10 shows the HWTS with the heat
shields removed to reveal the substructure and the
z-shaped clips for supporting the heat shields.

Mechanical loading system. Figure 11 shows the
location of the applied load points on the HWTS and
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the locations of the five test tubular panels. Twenty
closed-loop channels were used to control electrohy-
draulic equipment which applied mechanical loads to
the test structure at the load points. Ten hydraulic
jacks were used to apply vertical loads (simulation
of lift load) to the HWTS to induce compression
loads in the test panels. Eight of those jacks ap-
plied loads through two-point whiffletrees. Horizon-
tal loads (simulation of drag and thermal loads from
adjacent vehicle structure) were applied with the re-
maining 10 hydraulic jacks at single load points at
the fore and aft edges of the HWTS to induce shear
loads in the test panels. Pressure loads (which in-
duced bending loads in the panels) were applied nor-
mal to the upper surface of each test panel by using a
0.003-in.-thick stainless-steel pressure pan positioned
over each test panel. Each pan, which was bolted to
the perimeter of a panel, thus formed one side of a
pressure box. (See fig. 12.)

Heating system. The system used to simulate
aerodynamic heating of the HWTS is shown in fig-
ure 13. The system was designed to heat the entire
upper and lower surfaces of the HWTS to the tem-
peratures corresponding to a Mach 8 flight profile.
Infrared quartz lamps mounted on water-cooled pol-
ished aluminum reflectors (as shown in fig. 14) were
used to provide radiant heat. The system consisted
of separate lower and upper heating units which were
slightly contoured to match the surface shape of the
HWTS. The units were mounted on rollers and tracks
(see fig. 13) so that they could be easily removed
for access to the HWTS and then be precisely repo-
sitioned. The heating units were positioned with
the reflector surfaces approximately 6 in. from the
heat shields of the HWTS. Gaps in the lower heater
were provided along the spar caps to allow clearance
for connectors from the vertical loading system (see
fig. 13). To fill in those gaps between load points,
a double row of quartz lamps mounted on separate
long, narrow water-cooled aluminum reflectors (i.e.,
strip heaters) was installed parallel to the spar caps.
The temperatures of the panels were controlled by
signals to the heating system from feedback thermo-
couples attached to the heat shield exterior surfaces.
The plumbing for the reflector cooling water included
a pressure gage for each feed line to assure adequate
coolant pressure. During the elevated-temperature
tests, insulation curtains were draped around the
HWTS and the heating system to reduce radiative
and convective heat losses. (See fig. 13.)

Compression

A universal tension-compression testing machine
was used for individual-panel axial compression

6

buckling tests to obtain additional room-temperature
buckling data in pure compression. Figure 15 shows
the test machine with a test panel mounted. A to-
tal of 11 displacement transducers (DT’s) were used
to measure the out-of-plane deformations of the test
panel.

The surfaces of the upper and lower platens
(which come into direct ¢ontact with the panel ends)
were machined flat to ensure pure compression load-
ing and to eliminate possible bending because of mis-
aligned platen surfaces. The lower platen rested on
a spherical seat and provided proper alignment with
the test panel.

End supports mounted on the panel provided
surfaces for load transfer and served as reinforcement
for the elimination of warping of the panel ends. The
surfaces of both end supports were milled parallel
with each other and perpendicular to the panel tube
axes to provide pure compression load transfer.

The panel vertical edges were bolted to the
z-section stiffeners to approximate the stiffness con-
ditions of a wing-mounted support. The interface
between the panel and the stiffeners was lubricated.
The holes on the stiffeners were oval shaped so that
the bolts could move when the panel deformed.

Strain Gage Instrumentation

The strain gage locations on the surfaces of the
five test panels are shown in figure 16. The view
in the figure is looking downward from the top of
the test panels. The strain gages with parentheses
were located on the upper surfaces of the panels, and
the rosette strain gages with square brackets were
used for the elevated-temperature tests. The strain
gages on the upper and lower surfaces of the panel
tubes were single axial strain gages of two types:
(1) foil type (circular symbol) and (2) capacitance
type (square symbol). Of the axial strain gages,
only the capacitance strain gages were capable of
operating at temperatures above 550°F. The strain
gages on the surface of the panel flat areas were the
delta-rosette foil type and are indicated by the tri-
angles in figure 16. At temperatures above 550°F,
the bonded rosette gages were replaced with welded
gages which are capable of operating at a tempera-
ture of 1200°F. The delta-rosette strain gages were
used to make measurements at three angular orienta-
tions spaced 120° apart starting in the direction par-
allel to the wing spars and rotating clockwise (when
looking down on the test panels and inboard). The
accuracy of the data acquisition system for strain
gage measurements was £5 x 1076, which represents
0.3 percent of the strain gage calibration output. Fig-
ure 17 shows the full instrumentation of strain gages
and thermocouples on test panel 5, and figure 18



shows the fully instrumented test panels attached to
the HWTS lower wing root test area with panel 3
removed to show the pressure pan interior.

For the elevated-temperature tests, the strain
gage outputs were corrected by subtracting the ini-
tial nonzero readings at temperature without me-
chanical load. Figure 19 shows the strain produced
when the weldable gages are welded to René 41 and
heated. This apparent strain would totally account
for the initial nonzero reading if no gage drift or
strain due to thermal stress exists. These initial read-
ings were generally of the magnitude shown in fig-
ure 19, indicating that gage drift and thermal stress
were small. Figure 20 shows the full instrumentation
of strain gages on the outer surface of test panel 1 for
room-temperature, pure-compression, single-panel
buckling tests.

Test Procedure

Combined Load Tests

To generate a wide range of buckling data, a
series of nondestructive buckling tests using the F/S
method was conducted under various combined load
conditions and at three temperatures (70°F (room
temperature), 550°F, and 1000°F). Table 2 shows
the maximum loads applied at the load points for
different load conditions. Before the series of tests at
70°F, the pressure system was checked to assure that
a constant pressure level could be maintained during
the tests. The pressure load was always maintained
at the constant level of 0.75 psi or at 0 psi. Before the
elevated-temperature tests, the heating system was
checked to assure that constant temperature levels
could be maintained over one test period. During
the combined load, elevated-temperature tests, heat
was first applied to raise the HWTS wing panels
to a uniform temperature, and then pressure and
mechanical loads were applied in that order. Table 3
shows the test numbers and the corresponding load
conditions.

Compression Tests

Because the nondestructive buckling tests failed
to produce results in pure compression at room tem-
perature with p = 0 psi (see Results and Discussion),
two panels (panels 1 and 3) were tested to buckling
failure at that load condition in a universal tension-
compression testing machine. During the tests, the
signals from the load cell, strain gage, and deflec-
tometer channels were fed into the data acquisition
system so that F/S plots could be generated. The
buckling loads obtained from the F/S plots could
then be compared with the actual buckling loads.

Data Reduction

In applying the F/S method mentioned previ-
ously, a typical vertical load (lift force) Frg3 located
at load point 703 (associated with jack number 3; see
fig. 11) was selected as F' in equation (16) (or fig. 7)
in the F/S calculations for all the test panels. The
load Fyg3 was arbitrarily selected as a representa-
tive measurement of all applied loads since all loads
were directly proportional to each other and were
applied simultaneously. For F = Fyy3, equation (22)

becomes
_ Fer _ (Fr03)er

k -
F* Flos

(25)
where (F703)cr is the value of Fpgs at the predicted
buckling point and F7,; is the maximum value of
Fro3 in the nondestructive buckling test. The buck-
ling values of the panel stress resultants (Ny)cr and
(Nzy)er may be calculated by using equations (20),
(21), (23), (24), and (25). For example, for panel 1
at room temperature with strain gage combination
RSG 933, RSG 934, and RSG 935 (see fig. 16), equa-
tions (20) and (21) may be written as

N = ET[(RSG* 933) — 0] (26)
Nz, = %GtH(RSG* 934) — 0] — [(RSG* 935) —(2]7;)

and (Ng)er and (Nzy)er can be calculated from
equations (23) and (24) as follows:

(Fr03)

(Na:)cr = kN; = T CrN; (28)
703
. (P
(ny)cr = kN:vy = '(——;%QEN::y (29)
703

Results and Discussion

Combined Loads

Figures 21, 22, and 23 show respectively the
force/stiffness (F/S) plots for the three typical
tests 4.2.6 (p = 0.75 psi), 4.4.6 (p = 0.75 psi), and
4.3.4 (p = 0 psi) at 70°F. The solid curves shown
in the figures were drawn from least-squares fits of
the test data points. For some tests, or for certain
strain gage combinations in the same test, the least-
squares-fit curves based on equation (17) started to
bend upward immediately after the last data points
and intersected with the limit strain lines at points
predicting rather high values of the buckling loads.
For such occurrences, the extrapolations of the test
data curves were accomplished by visually fitting the
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data. No attempt was made to improve the extrap-
olations by modifying equation (17) or by excluding
data at low loads from the data set used to define
the least-squares fit. The dashed curves shown in
the three plots in figures 21(a), 21(c), and 21(d) were
drawn as visual extrapolations. Notice that the plot
in figure 21(b) shows excellent extrapolation of the
least-squares-fit curve. With the existence of the lat-
eral pressure (p = 0.75 psi), the F/S plots are usually
convex upward. (See figs. 21 and 22.) However, when
there is no lateral pressure (p = 0 psi), the F//S plots
usually give strong convex downward curves except
for the low-load region, giving quite accurate buck-
ling load predictions (see fig. 23). The F/S plots
for the rest of the tests where buckling loads are
predicted are similar and therefore are not shown.

Compression

Figure 24 shows panel 3 after the room-
temperature single-panel compression buckling test.
A loud popping sound and a noticeable drop in load
occurred at buckling. On one side of the panel, local
failures (bead cripplings) were observed at three of
the four beads within 5 in. of the panel center. (See
fig. 24.) Only two small creases on a bead were ob-
served on the other side. None of the strain gages
were located directly at a buckle, although one small
buckle not visible in figure 24 was located near strain
gage 515. The behavior of panel 1 was similar except
that buckles occurred in all four beads.

Figure 25 shows out-of-plane displacements of
three cross sections of test panel 3 at the panel com-
pression load of (Nz)er = 2138 1bf/in. immediately
before buckling. The smaller displacements mea-
sured near the panel edges indicate the existence
of a stabilizing effect from the edge supports and
may explain why the panel did not fail in general
buckling at the predicted room-temperature Euler
wide-column load of 1684 1bf/in. obtained from ref-
erence 6. The local buckling load of 1622 Ibf/in.,
also determined from reference 6, was exceeded by
an even greater amount. As discussed subsequently,
these results indicate that the theory used to design
and analyze these panels appears to be unnecessarily
conservative in compression.

Figures 26 and 27 show respectively the F/S
plots for panels 3 and 1 for the room-temperature
single-panel compression tests. Notice that the ac-
tual buckling points are located in the vicinity of
the limit strain lines, and a visual extrapolation of
the F/S data shown in figure 26(b), which were from
strain gages located near a buckle, would give excel-
lent agreement with the failure force of 41051 Ibf.
These results indicate that the F/S method could
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fairly accurately predict buckling loads in pure com-
pression. (As discussed later, F/S predictions of
buckling failure in pure compression at room tem-
perature were not obtained for panels tested in the
HWTS (fig. 28(a)) because the applied load was
limited to a low value.)

Comparison With Theory

Table 4 summarizes the results of all the tests. In
the table, N and N3, are associated with F7g3 and
(Nz)er and (Ngy)er with (Frg3)er. For most tests,
the extrapolation factor k = (Fro3)cr/Frg3 was be-
tween 2 and 3, thus indicating relatively large ex-
trapolations. The large extrapolations were neces-
sary because the applied loads were limited to less
than 50 percent of the wing panel buckling load to
prevent failure of the spar flanges, which were, by
design, the critical components of the HWTS.

The results given in table 4 were used to construct
the buckling interaction plots shown in figure 28
for different temperatures with or without pressure.
The theoretical buckling interaction curves shown in
the figures for comparison were generated through
temperature and material modulus corrections of the
results given in table 1 of reference 6. The two
curves shown for local buckling were plotted with
and without the additional knockdown factor of 0.86
for equation (5).

For high compression (see fig. 28(b)), the max-
imum applied loads were not large enough to give
accurate buckling data through the F/S data ex-
trapolations. Nevertheless, the correlations between
the test data and the predictions are fairly good
in spite of data scatter resulting from the large ex-
trapolations for some tests (e.g., near the Ny-axis).
Most of the data points, including the actual buck-
ling points obtained from the single-panel compres-
sion tests (see fig. 28(a)), fall outside the predicted
interaction curves, indicating the theoretical results
are conservative. (As previously mentioned, these re-
sults are based on a thickness of 0.016 in. and include
effects from an assumed 0.001L initial imperfection).
In all other tests, the theoretical curves fall within
the scatter of the experimental data. Therefore, the
experimental buckling data verify the theory for the
applied test conditions and indicate that the addi-
tional knockdown factor of 0.86 for local buckling
in compression recommended in reference 6 is not
necessary.

As would be expected, the existence of lateral
pressure, which adds a bending stress to the com-
pression stress, decreases the compression buckling
load (NVz)cr considerably, but only slightly decreases
the shear buckling load (Ngzy)er. Also, the buck-
ling interaction curve shrinks as the temperature



is increased because of the decreases in F and G.
Finally, the room-temperature pure-compression
buckling loads per unit panel weight (Ng)er/w
(w = 0.0161 1bm/in?) for the tubular panels 1 and
3 are 1.5067 x 10% in. and 1.3280 x 10% in., re-
spectively. These values are slightly higher than
(Ng)er/w = 1.1507 x 10° in. (w = 0.0146 lbm/in?)
reported in reference 9 for the René 41 beaded panels
which were originally used on the HWTS.

Conclusions

Five René 41 tubular panels which show promise
of low structural mass and high buckling strength
were installed as replacement root-chord wing panels
on a section of a hot hypersonic wing test structure.
To characterize their buckling behavior, the panels
were exposed to nondestructive buckling tests under
different combined load conditions and different tem-
perature environments representative of those which
would be encountered in a hot hypersonic wing, ex-
cept that the structure was maintained at uniform
temperatures. Thus, the.results included the effect
of changes in modulus with temperature while the
complex thermal stresses which can arise when tem-
peratures are not uniform were minimized. Buckling
loads for the wide range of loads and temperatures
were obtained without failing the test panels through
use of the force/stiffness method.

In spite of some data scattering because of large
extrapolations, the overall test data correlated fairly
well with theoretically predicted buckling interaction
curves. The existence of lateral pressure added a
bending stress to the compression stress and thereby
decreased the compression buckling load (Ng)cr con-
siderably. However, the effect of the lateral pressure
on the reduction of the shear buckling load (Nzy)er
was quite small. Also, increasing the temperature
decreased both (Nz)er and (Nzy)er because of re-
ductions in the shear modulus and the modulus of
elasticity at elevated temperatures. The fact that al-
most all the test data for nearly pure compression
at room temperature fell outside the predicted buck-
ling interaction curves indicates that the theory used
to design and predict the buckling of the panels is
conservative for that condition. For all other test
conditions, the force/stiffness test data verified the
theory and showed that the structural efficiency of
the tubular panel is slightly higher than that of the
beaded panel which it replaced.
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Table 1. Material Properties and Theoretical Local Buckling
Strains for René 41

Values for temperatures of—

Parameter 70°F 550°F 1000°F
E psi . .. ... 31.6 x 10° 29.1 x 10° 26.5 x 10°
G,psi . . . ... 12.1 x 108 11.2 x 108 10.2 x 106
feyspsi . .. 125.0 x 103 120.0 x 103 117.0 x 103
(€)er -« « - . . 2.330 x 1073(n3 = 1) 2.330 x 1073(n3 = 1) 2.330 x 1073 (n3 = 1)
(€p)er -+« « - . 3.412 x 1073(n3 = 0.96) | 3.412 x 1073(n3 = 0.97) | 3.412 x 10™3(n3 = 0.99)
Yer oo e e 2.208 x 1073 (n2 = 1) 2.208 x 1073(n2 = 1) 2.208 X 1073 (g = 1)
Table 2. Jack Loads Applied to HWTS for Different Load Conditions
(a) T = 70°F
Maximum load,? 1bf, for load condition—
Jack | Jack position 3.1 3.6 3.8 4.1 4.2 4.3 4.4
1 Vertical 1680 2521 4201 3500 2800 1200 —4000
2 Vertical 867 1304 2173 6000 2800 2000 2400
3 Vertical 624 735 1557 6000 2800 2000 2400
4 Vertical 863 1274 2157 3500 2800 —2800 —4000
5 Horizontal 1650 2750 —5000 —5000 —5000
6 Horizontal 4260 7100 —6500 —6500 —~6500
7 Horizontal —4030 —6716 6500 6500 6500 -
8 Horizontal —1232 —2054 6500 6500 6500
9 Horizontal —3840 —6350 6000 6000 6000
10 Horizontal 731 1227 6000 6000 6000
11 Vertical 2265 3398 5663 3000 800 —800 —4000
12 Vertical —95 —193 —238 1800 1400 1200 1200
13 Horizontal —6692 —11154 6500 6500 6500
14 Horizontal —3945 —6575 6500 6500 6500
15 Horizontal —1740 —2900 —6500 —6500 —6500
16 Horizontal 2400 4000 —6500 —6500 —6500
17 Vertical 1267 1901 3168 3500 2800 2800 4000
18 Vertical —1896 —2770 —4616 3500 4800 4800 4000
19 Vertical 1760 3640 4400 2800 2800 2500 4000
20 Vertical 592 814 1356 1800 1400 1200 1200

%Positive values indicate tension; negative values indicate compression.




Table 2. Continued

(b) T = 550°F

Maximum load,? 1bf, for load condition-—
Jack | Jack position 6.6 6.8 7.1 7.2 7.3 7.4
1 Vertical 2521 4201 3500 2800 1200 —4000
2 Vertical 1304 2173 6000 2800 2000 2900
3 Vertical 735 1559 6000 2800 2000 2400
4 Vertical 1204 2 157 3500 2800 —2800 —4000
5 Horizontal 1650 2750 —5000 —5000 -5000
6 Horizontal 4260 7100 —-6500 —6500 —6500
7 Horizontal —11030 —6716 6500 6500 6500
8 Horizontal —1232 -2054 6500 6500 6500
9 Horizontal —3840 —6350 6000 6000 6000
10 Horizontal 737 1227 6000 6000 6000
11 Vertical 3398 5663 3000 800 —800 —4000
12 Vertical —143 -238 1800 1400 1200 1200
13 Horizontal —6692 —-11154 6500 6500 6500
14 Horizontal —-3945 —6575 6500 6500 6500
15 Horizontal —1740 -2700 —6500 —6500 —6500
16 Horizontal 2400 4000 —-6500 —6500 —6500
17 Vertical 1901 3168 3300 2800 2800 4000
18 Vertical —-2770 —4616 3500 4800 4800 4000
19 Vertical 2640 4400 2800 2800 2800 4000
20 Vertical 814 1356 1800 1400 1200 1200

%Positive values indicate tension; negative values indicate compression.
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Table 2. Concluded
(c) T = 1000°F

Maximum load,® 1bf, for load condition—
Jack | Jack position 9.3 9.5 8.1 8.2 8.3 8.4
1 Vertical 2521 4201 3500 2800 1200 —-4000
2 Vertical 1304 2173 6000 2500 2000 2400
3 Vertical 935 1559 6000 2800 2000 2400
4 Vertical 1294 2157 3500 2800 —2800 —4000
5 Horizontal 1650 2750 —5000 —5000 —5000
6 Horizontal 4260 7100 —6500 —6500 —6500
7 Horizontal —4030 —6716 6500 6500 6500
8 Horizontal —1232 —20564 6500 6500 6500
9 Horizontal -3 840 —6350 6000 6000 6000
10 Horizontal 737 1229 6000 6000 6000
11 Vertical 3398 5663 3000 800 —800 —4000
12 Vertical —143 —238 1800 1400 1200 1200
13 Horizontal —6672 —11154 6500 6500 6500
14 Horizontal —3945 —6575 6500 6500 6500
15 Horizontal —1740 —2700 —6500 —6500 —6500
16 Horizontal 2400 4000 —6500 —6500 —6500
17 Vertical 1901 3168 3500 2800 2800 4000
18 Vertical -2770 —4616 3500 4800 4800 4000
19 Vertical 2640 4400 2800 2800 2800 4000
20 Vertical 814 1356 1800 1400 1200 1200

2Positive values indicate tension; negative values indicate compression.




Table 3. Test Numbers and Corresponding Load Conditions

Load Pressure, Temperature,
Test condition psi °F
414 4.1 0.75 70
4.2.6 4.2 .75 70
4.3.3 4.3 75 70
44.6 4.4 .75 70
4.2.7 4.2 0 70
434 4.3 0 70
4.4.7 4.4 0 70
6.8.3 3.8 75 550
7.2.4 4.2 .75 550
7.3.5 4.3 75 550
7.4.4 4.4 .75 550
7.1.8 4.1 75 550
8.2.2 4.2 0 1000
8.2.2 4.2 75 1000
8.3.2 4.3 0 1000
8.3.2 4.3 .75 1000
8.3.5 4.3 0 1000
8.3.5 4.3 75 1000
8.4.6 4.4 0 1000
8.4.6 4.4 75 1000
8.1.3 4.1 0 1000
8.1.3 4.1 .75 1000
Single-panel test 1.1 (a) 0 70
Single-panel test 3.1 (a) 0 70

13
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Figure 1. Geometry of tubular panel. Dimensions in inches.
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Figure 2. René 41 tubular panel with heat-shield supports removed.
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Figure 3. Plasticity correction curves for local buckling of René 41 circular arc element for T = 70°F.
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Figure 4. Plasticity correction curves for local buckling of René 41 circular arc element for T' = 550°F.
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Figure 5. Plasticity correction curves for local buckling of René 41 circular arc element for T' = 1000°F.
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Figure 6. Modulus of elasticity and shear modulus as a function of temperature for René 41.
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Figure 7. Force/stiffness plot for ‘local buckling.
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Figure 11. Applied load distribution on HWTS and locations of five test tubular panels.



ORIGINAL PAGE IS

OF POOR QUALITY

‘ued oanssoad suimoys Aeq 1001 Sum STMH Jo Iorul ‘g1 oandr |
0SE-98-1

|sued pspeaq eoepns-iaddn paAoway

47



dnjas 3893 Buipeo] [RULISY) PUR [BIIUBYDOUL POUIQUIOD 2INIINI)S 189 Suim oruosIddA[ "¢y oandig

2l ST OuIquin|d
. s o S B LAY Joem
(SAWE| @ e L T @c__ooo
Zljenb) S e

swalsAs N ,

Buijesy |

jueipey

. ORIGINAL PAGE IS
OF POOR QUALITY

Buipeoj

e = [1UOZLI0H
ureunod b

i uoensuy |

JuBWYOBYE
- peoj
[eJUOZIIOH

48




ORIGINAL pAGE IS
POOR QuALITY,

- OF

a1sAs Bu

idid !

L lojem Buijoon

49



50

ORIGINAL PAGE IS
OF POOR QUALITY.

7 ; Z- sectlon
\ stiffener

Out-of-plane
DT

attachment ;|
locaﬁons

' SpheriCal i
!  seat

L-86-355

Figure 15. Tubular panel installed in testing machine for axial compression buckling test.
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Figure 16. Locations of strain gages on five tubular test panels. View looking downward.
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Figure 18. Four René 41 tubular panels attached to hypersonic wing test structure for buckling tests. View
looking up and aft at the lower side of test structure. Panel 3 removed to show pressure pan interior.

53




‘spoued Ie[nqn) T 9USY UO pajunow soed urens o[qepEm 10y ainjeiadurey Jo uorouny se uress juareddy 61 andryg

NSX ¢l

01

9

1o ‘8dnjedadwa]
b

¢

=

i _ T

004-
00v-
00¢-

00¢-
00T-

001
00¢
00¢

00y
004

uieJ)s
JuaJeddy

54



ORIGINAL PAGE IS

OE POOR QUALITY

R€¢-98-

1

‘uorssaxdurod

aand

‘

ainjeroduwa)y

woou 10j T [pued 3893 Jo

JOBIIIS Jajn

1897 Suppnq purd-ofdus
0 U0 UONRJUSWINIISUL 9383 URL}S “07 2In31 |

55



8d 610 =d ‘J,0L = I "9T¥ 1891 ¢ [oued 10§ syord ssouy1Is /2010, ‘T 2InS1]

670 = 7L (p)

ha_.mon
000Z 0009 0004 000F 000€ 0002 0001 @
T 7T o T T 1
' 1=""0=0
00vS “mc__c_m:m MW 0002
|
! 000y g
—— M@c_zc_m:mS oL
> === 0009 1
}J sadenbs-1sea] — 0008
656 PUe ‘866 ‘e ‘peg sabeb uresys 00001
960 = 7k (@)
%n_.mon
oooN oooo 0005 000y 000€ 0002 000 O

A\_ [ | _ I _

M saJdenbs-1sea
696 Pue ‘Y96 ‘SIg ‘p1g Sebeb ules)s

000¢

0009

0008

(
0007 yq ¢ ﬁ

‘60 = mﬁ* ()
1l £0L,
000L 0009 000S 000y 000€ 0002 0001 O
71 _ _Tc_alo_ ]
0066 1UT] Ute}s 1T 0002
|
0007
Jq
0009
}J sadenbs-1sea 0008
656 PUB ‘8¢ ‘€16 ‘216 sabeb urenys —000 01
980 = i% (®)
z_.mE y
000/ 0009 0005 000V 000€ 0002 0001 O

| { _

1= 0=
0TsS _mc__c_m:m:c_:

H, buipiy jensip

gl

") saJenbs-sea
696 PUB ‘¥96 /16 ‘916 Sabeb ujess

000

0009

— 0008

000% q;°

d

€0L 4

a

mof

56



'18d 610 =4 {,0L = I '9F¥ 1591 ¢ [dued 10] sy01d sseugnis/avio] "gg 2andi g

61'e = wiL (P)

jq1 €04

oo_om 0007 000¢ 000¢ 000T 0

i \-0/)¢ 0002
\_u OOO._N u_b_ ¢

==y o 0009

‘ %) —

Bulj utens Jwi= T S

—10008

6G6 PUB ‘866 ‘GeG ‘peg Sabeb uteas

ee = 7k (q)
1q 0L
0005 000 000€ 000Z 000T O

N N
n/mmwm

HH\_QQHD
aul] UleAS YW1

31y
salenbs
-15ea7

696 PUB ‘P96 ‘G16 ‘P16 Sabeb uiess

0002
0007 4q1
0009
0008

61'e = 7 (2)
1l .mchn_

0005 000v 000¢ 0002 0001 O
| I i _

vL0p

a_ a
= 0=0\ &y, 0009
aUl| =~ sauenbs
uleqys yuil  -ised] 0008
6G6 PUB '8GH°CTS 21S sabeb ulens
70e = ik ()
a1 0L
0005 000Y 000€ 0002 0001 0
| _m/. I
w 0002
d “ a_
€0L, 0007 y01°¢0L,
)
1= 0=0\ 1 sasenbs —|0009
oul] -1ses] |
uled)s jwi 0008

96 Pue 'y96 /16 ‘'9TG sabeb uiens

57



1sd 0 =d {4,0L = L b 1591 ¢ pued 10 sjofd ssaugnys/a010] "¢z 9IndLg

281 = ws (P)

€01

1al

000%

000¢

k|

1

I/
goLe 1

A
[=0=0
aul] Uled)s Juw

}lj saJenbs-)seal

£€9 pue ‘€29
'GeG e
sabeb uieas

000V

_
vﬁomlx\@

1)
1="a=0
‘aul] Uled)s Jw!T

}1J Saienbs-jsea

€¢9 pue ‘cz9
‘616 P14
sabeb uleu}s

0

0

000v
0008

i
000 ¢t
00091

0000¢

@

mon

58T = whh ()

_n_-moﬁm

000
J — 1

000p
A
omom.\A

)
1="0=0¢ —
3Ul] UleAs !

}J salenbs-i1ses ]
€¢9 pue ..mmo

‘€16 21s
sabeb uiens

20T = 7L (®)

a&& N
jq 0L

0002

‘aul] uteays pwil
11} Saaenbs-}ses

£e9 pue ”mNo
116 916
sabeb uiens

0

000

0008 a

1q ¢ €0/

000 ¢t ]

00091
0000¢

0007

0008 q
9l

oozt 0L

000 91
000 0¢

58



ORIGINAL PAGE IS
OF POOR QUALITY

mEnd support
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Figure 24. Buckled panel 3 after compression buckling test.
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Figure 25. Out-of-plane displacements of test panel 3 immediately before buckling for single-panel compression
test.
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